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PREFACE
The scope of this report is to summarize the facts about the impact of integrating wind power in
the Norwegian power system, but also pinpoint items that should be further investigated. The
target audience is employees in energy companies, interest groups, industry organizations and
public administration.
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1

INTRODUCTION

1.1

The Norwegian power system

The Norwegian power system is operated as part of the Nordic electricity market being a joint
market between Norway, Sweden, Denmark and Finland. Nord Pool organizes the trade of supply
and demand, whereas the national Transmission System Operators (TSOs) secure reliability and
balance of supply. Nordel facilitates cooperation between the TSOs aiming for an efficient and
harmonised Nordic electricity market.
The Nordic power supply is dominated by hydro (48 %), conventional thermal (18 %) and nuclear
generation (25 %). The Norwegian generation is almost entirely based on hydro (99 %), whereas
for Sweden the hydro share of national supply is 40 % and for Finland 18 %. Wind generation is
significant in Denmark (17 % of the generation in Denmark in 2004 was by wind), but constitutes
presently only 2 % of the total Nordic supply. More detailed system data for 2004 is shown in
Table 1.
Table 1: Generation, cross-border transmission and load for Nordic countries in 2004, [1].
Denmark
Finland
Norway
Sweden
SUM
Installed capacity (MW)
12710
16488
28327
33551
91076
Hydro (MW)
11
2 986
27 925
16 137
47 059
Thermal (MW)
8 888
8 423
121
5 803
23 235
Nuclear (MW)
0
2 671
0
9 471
12 142
Wind (MW)
3 122
79
158
442
3 801
Bio (MW)
418
2 198
96
1 545
4 257
Waste (MW)
271
131
27
153
582
Generation (GWh)
38 377
81 920
110 545
148 484
379 326
Hydro (GWh)
26
14 726
109 280
59 529
183 561
Thermal (GWh)
29 050
34 173
582
5 284
69 089
Nuclear (GWh)
0
21 779
0
75 039
96 818
Wind (GWh)
6 583
120
260
850
7 813
Bio (GWh)
1 365
10 146
296
6 971
18 778
Waste (GWh)
1 353
976
127
811
3 267
Import (GWh)
8 768
12 218
15 335
15 586
51 907
Export (GWh)
11 643
7 221
3 840
17 624
40 328
Total consumption (GWh)
35 502
86 917
122 040
146 446
390 905
Max load (MWh/h)
6 445
14 040
19 984
26 400
66 869
As hydropower dominates the supply and the annual hydro generation capability may vary
significantly from year to year, cross-border transmission capacity for electricity import and
export is a key for reliable and efficient power system operation. In a year with average hydro
inflow the sum hydropower generation in the Nordic countries is 204 TWh, but can vary about +/40 TWh depending on yearly precipitation. For Norway the same figures are 119 TWh +/- 30
TWh. The main cross-border transmission capacities are shown in Figure 1.
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Figure 1: Main cross-border transmission capacities given as aggregate figures. Dotted lines
are planned. Source: Statnett.
Data from system operation shows a fairly tight supply situation, in particular for Norway, see
Figure 2, and Statnett (Norwegian TSO) sees a significant need for both new generation and
transmission capacity, [2].

Figure 2: Annual Norwegian consumption, generation and hydro inflow. Copy from [2].
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1.2

Plans and potential for wind power in Norway

There is currently a significant interest in developing wind farms in Norway. At present (April
2006) the installed wind power capacity is 281 MW producing annually about 0,8 TWh, whereas
recent forecast from NVE (Norwegian Water Resources and Energy Directorate) states 3 TWh in
2010, 5-7 TWh in 2015 and 7-10 TWh in 2020 [5]. Indeed, the available wind resource in Norway
is for any practical purpose unlimited1, thus development is basically a question about economic
feasibility and willingness to prioritize. Given the great wind potential in Norway, both for
generation and for industrial development, [1] argues that 20 TWh is a realistic goal for 2020
assuming wind farms on-land and offshore. 20 TWh annually wind production will require about
6-7000 MW of installed wind power capacity that can be realized within areas totalling some few
hundred square km, e.g. 10x70 km (the Norwegian land area 307 860 km2). Figure 3 shows
current project plans.

Figure 3: Wind power projects in Norway. Wind farms in operation total 281 MW (red
dots). Concession is granted for an additional 838 MW (green dots), and another 2275 MW
has applied for concession (white dots). Total including projects in earlier planning stage
(not shown on the map) amounts to an annual wind generation of +20 TWh. Source: NVE.
1

The Norwegian Wind Atlas [4] states that wind farms in Norway (on-land coastal areas) theoretically can supply
+1000 TWh and an additional 800 TWh from shallow water Norwegian offshore sites (< 50 m water depth).
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The wind farms will mainly be fairly large and located in areas with relatively weak grids. This
has put focus on grid issues. Considering the potential and scale of plans for wind power in
Norway, in the future, wind power may constitute a significant part of the supply system, and the
implications of this have become an issue of debate. Indeed, this is not only a Norwegian issue.
The globally installed wind capacity has developed very rapidly, see Figure 4, and forecasts
predicts this to continue as a means to reduce greenhouse gas emissions, cut-back on fuel
dependency and improve power system reliability, see also note2. The significant amounts of wind
power installed in Europe, in particular in Germany (18 424 MW), Spain (10 027 MW) and
Denmark (3 122 MW) demonstrate that wind can constitute large scale generation, but for
efficient and reliable power system operation grid issues must be carefully assessed.
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Figure 4: Installed wind power capacity.
Norway is in many ways an ideal country for large scale wind generation. Large areas on land and
offshore exposed to high wind speeds provide for a great wind potential. At on-land sites being
considered by developers in Norway the annual utilization time (full load hours) is typically +
3000 hours and cost of generation 25-35 øre/kWh (see also note3 and Figure 5, offshore wind may
be more expensive). Considering that volume of market and technology development will
continue bringing down cost of new wind generation, it is likely that at good Norwegian sites
wind will be the cheapest option for new non-polluting generation. In comparison, in most other
countries less wind utilization time is expected and thus higher cost of generation, e.g. in
2

The European Parliament has voted September 2005 to strongly support renewable energy by adopting a report [6]
calling for an increase of the share of energy from renewable sources from 6 % in 2001 to 20 % by 2020 (equivalent
to 33 % of electricity from renewable energy sources, and a large portion of this will be wind).
3
The cost of wind generation is 30 øre/kWh for assuming an annual utilization time of 3000 hours, an investment
cost of NOK 8 million per MW, operation and maintenance at 5 øre/kWh, 20 years lifetime and 7 % p.a. discount
rate. The investment cost includes NOK 5 million per MW for wind turbine price ex factory and NOK 3 million per
MW for freight, site works and installation. 1 NOK = 100 øre. 8 NOK ~ 1 euro.
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Germany the utilization time of wind farms is typically 1500 - 2000 hours. Further, the hydrobased Norwegian power system offers very good regulation capabilities that can perfectly match
wind generation, and a much better partner for wind than the thermal-based power systems of
most other countries. Still, aiming that large scale generation of wind shall contribute to efficient
and reliable power system operation, it is highly relevant to carefully address wind implications
on grid and power system operation. This is relevant not only for considering wind generation in
Norway, but also as the Norwegian hydro-based system can be utilized for balancing wind in
other countries.
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Figure 5: Utilization time (upper graph) and cost of on-land wind generation (lower graph)
as a function of annual average wind speed.
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2

WIND POWER TECHNOLOGY

Wind energy technology has made major progression since the industry started in the early 1980s,
and is now available for large scale generation from large energy companies. Total turnover in
2005 was about NOK 100 billion. Vestas (DK), Enercon (DE), Gamesa (ES), GE (USA) and
Siemens (DE) are the top five in market share. Norwegian industries are mainly sub-suppliers
(export in 2004 was about NOK 400 million), whereas ScanWind design and manufacture large
wind turbines (+ 3 MW).
Modern wind turbines are designed for autonomous operation, i.e. they can be connected to a grid
and left to operate without any manual interference than for maintenance service or repair. The
technical availability is typically about 97 %, EWEA [7].
The wind generation will vary with the wind speed, see Figure 6. Normally wind turbines start
producing at 4-5 m/s (cut-in wind speed) and then increasing until rated power is reached at 12-15
m/s (rated wind speed). At higher wind speeds the generation is limited to rated power, whereas
wind turbines are normally stopped for wind speeds exceeding 25 m/s (cut-out wind speed). It is
technically possible to design wind turbines for operation at higher wind speed, though this may
cost extra for reinforcing the construction and must be balanced against the benefit of extra
generation.
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Figure 6: Power curve of wind turbine (for illustration). The power curve gives the steady
state relation between wind speed upfront of the turbine and the output power of the wind
turbine.
Typical rated power for wind turbines are today 2-5 MW, see Figure 7. The trend is towards
bigger turbines and installation in clusters constituting large wind farms. The generator voltage is
normally 0.69 – 1 kV, but is connected with a transformer to give medium voltage (e.g. 20 kV). In
wind farms medium voltage level is used for the internal grid with a transformer station (if
required) for connection to the utility grid (medium or high voltage).
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Figure 7: Development of wind turbine size.
Sizes of wind farms are ranging from a few MW up to several hundred MW. The wind farm
characteristic depends on the applied wind turbine technology (fixed speed or variable speed), but
also on the wind farm control system and ancillary equipment.

Available power

Power

Power

A modern wind farm may facilitate power plant characteristics that may participate in frequency
and voltage control, see Figure 8, and also contribute to system stability and fault recovery.

droop

Set-point power

Available power
Reserve power

Frequency
Reactive power

Power

Time

Time
Figure 8: Modern wind farm control options.
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Table 2 gives an overview of the main wind turbine technologies.
Table 2: Overview of wind turbine concepts, copy from [7].
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3

WIND POWER CHARACTERISTICS

As introduced in section 2, wind farms are basically power plants. The distinction is that wind
farms may produce a variable output depending on wind variations. Wind turbines are therefore
not commonly designed for isolated operation, but rely on the connected power system to balance
production and load. This is demonstrated to work well at the current level of wind power
capacity installed, though the concern is that of a future situation when wind power is developed
to constitute a more significant part of the supply.
3.1

Annual and seasonal wind power variations

The expected annual and seasonal variations in production from wind farms in Norway have been
studied in [8]. The study shows that:
-

the annual wind generation will vary less than the annual hydro generation, see Figure 9,
the standard deviation of the annual wind generation is 10,49 %,
the standard deviation of the annual hydro generation is 13,78 %,
the correlation between the annual wind and hydro generation is weak (the correlation
coefficient between the annual wind generation and the annual hydro inflow is 0,47),
- the seasonal wind power variations will on average fit well the consumption, see Figure 10,
and is opposite to the average seasonal hydro inflow.
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Figure 9: Normalised annual variations of hydro and wind power, [8].
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Figure 10: Expected week by week variation in wind power production, compared with
consumption and hydro inflow, [8].
3.2

Hourly wind power variations

Figure 11 shows results of a German study [9] that has assessed wind power variations on shorter
time scales. The graph basically tells that variations in wind power production will be
uncorrelated between sites as long as these are sufficient far apart, e.g. hourly variations will be
uncorrelated for distances about 80 km and above, 2 hourly variations will be uncorrelated for
distances above 200 km and so on. The relevance of this is that data from a single wind turbine or
wind farm should not simply be scaled to indicate expected variations of wind power from a
region of some size, but rather such estimates must be based on data from more sites that reflects
the geographical distribution of the wind power installations.
Correlation coefficient for the variations
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Figure 11: Correlation coefficient between wind power variations from various sites
depending on distance between sites and of the applied averaging period, [9].
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Records of measured wind speed from five sites have been applied to assess expected hourly wind
power variations in Norway, see Figure 12. The graph indicates that the hourly wind variations
between the sites are uncorrelated (as expected since these are +100 km apart), and that the sum
wind production will be fairly stable. Assuming that the wind production is distributed on 20 sites
(i.e. a rough estimate for the number of wind farm sites along the Norwegian coastline that can be
considered uncorrelated with each other with regards to hourly variations), the standard deviation
of sum hourly production is estimated to 4 % of the installed wind capacity. In a similar way,
taking Finnmark as an example, a conservative estimate would suggest that wind power
production within the region can be distributed on three sites more than 100 km apart, hence the
sum hourly variations of wind power production would yield a standard deviation of about 11 %.

Std of delta wind power (pu)

0.25
Estimate
Observation
0.2
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0.1

0.05

0
0

5

10
# of sites

15

20

Figure 12: Standard deviation of sum wind power variation from one hour to the next as a
function of the number of wind farm sites included in the sum. The observations are from
five Norwegian sites and the estimate is prepared assuming no correlation in hourly wind
power variations between the sites, [10].
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Figure 13 shows results of analyzing measured hour by hour wind data from three sites at north in
Norway, and transferring these to simulated hour by hour wind farm output power. The graph
illustrates that the sum production from three wind farms will be significantly more stable than
from one single wind farm. It is observed that the probability of zero power output is 20 % for a
single wind farm, while the corresponding value for the sum power output from three wind farms
is less than 5 %. The smoothing effect is also evident for the periods with high wind speed; the
three wind farms generates at full power almost never at the same time, compared to about 5 % of
the year for a single wind farm.
1
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Figure 13: Cumulative distribution of hour by hour wind power production. The sum
production of the three wind farm sites will be more stable than from one single wind farm.
Cumulative distribution of wind power = probability of wind power being less or equal to
the values on the x-axis.
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production % of capacity

Ref [11] gives a detailed assessment on the impact of large scale wind power on the Nordic
electricity system. The study includes an assessment of hourly wind power variations expected in
sum from the Nordic countries (Finland, Sweden, Denmark and Norway), see Figure 14 and
Figure 15.
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Single turbine, average 26 %
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Figure 14: Duration curve of hour by hour wind power production. The sum production of
the Nordic wind farm sites will be more stable than of one single wind farm, or a smaller
region (DK West) [11].
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Figure 15: Variation in wind power production from one hour to the next, [11].
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3.3

Wind power forecasting

Wind power forecasting tools facilitate a means to predict the wind power production some hours
or days in advance. The accuracy depends on the tool, but also on the forecasting period and wind
farm area. Generally, accuracy is better for short time periods ahead and aggregated production
from a large area than for long periods and for one particular wind farm site only.
A general forecasting tool may consist of the following parts:
- Numerical Weather Prediction (NWP) data for area (weather forecast)
- “Physical” model to estimate wind speed on wind farm site (numerical model using landscape
data to transport NWP data to local scale); may be combined with “statistical” model
- “Statistical” model to estimate wind speed on wind farm site (numerical model using relation
between historical NWP data and measurements of wind speed at site); may be combined with
“physical” model
- Power curve model giving relation between wind speed and wind farm power output
An overview of operational wind power forecasting tools is given in Table 3.
Table 3: Overview of operational short-term wind power forecast models (copy from [7])

A Norwegian effort on wind power forecasting is reported in [25]. Here, a system is developed
that forecast wind production 6 to 48 hours ahead. The system uses input from the NWP model
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HIRLAM10 (see note4) combined with a statistical model for providing wind farm production
forecasts. Example results of predicting output from a single wind turbine using the system are
shown in Figure 16.

Figure 16: Examples of hourly forecasts in terms of the 5, 25, 50, 75, and 95 percentiles for
wind speed (left) and power production (right). Observations are indicated by filled circles.
Copy from [25].

4

HIRLAM10 has 10 km horizontal resolution. HIRLAM10 is operated on routine basis by the Norwegian Meteorological Institute
(met.no).
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Further efforts reported in [25] conclude that using a NWP model with better resolution can
significantly improve accuracy, i.e. especially for sites in complex terrain and for longer
forecasting periods.
Forecasting accuracy will be better for aggregated wind production within a large area. Data
gathered from the web pages of the Germany energy company EnBW (www.enbw.com) illustrate
this. EnBW operates within the region of Baden Wüttemberg5 and uses day-ahead forecasts for
wind generation in their power system planning. More than 100 MW wind power is installed in
this region and the forecast system is called PREVIENTO (www.energymeteo.de).
In Figure 17 the total hourly wind generation in the area has been plotted for several days,
together with the wind generation prognosis for the same hours. Two characteristic features can
be observed from the figures: a) the wind generation does not vary much over the day, and b) the
forecast accuracy is very good, even for forecasts 24 hours ahead.
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Figure 17: Actual wind generation (solid blue line) and forecasted generation (dotted green
line) for the EnBW region in the period 24 – 27 January 2006.

5

2

The area of Baden Wüttemberg is 35,751 km bordered by France on the west, Switzerland on the south, and by the Länder

(states) of Bayern (Bavaria) on the east and Rheinland-Pfalz (Rhineland-Palatinate) and Hessen (Hesse) on the northwest and north.
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3.4

Conclusion

The annual wind generation may vary from year to year. Based on 30 years of recorded wind
speed data it is found that in Norway the annual wind generation may vary +/- 20 %. In
comparison the annual hydro inflow may vary +/-30 %.
The correlation between the annual wind and hydro generation is weak, and in total the
combination of wind and hydro will provide for a more stable annual energy supply than hydro
alone.
The wind generation will generally be higher in the winter period than in the summer. This
seasonal wind variation fits well with the electricity consumption in Norway, and is opposite to
the hydro inflow.
A preliminary assessment of wind variations on shorter timescales has been prepared. Results
indicate that the hour by hour sum wind generation within Norway will be fairly stable, i.e. the
standard deviation of sum hourly production is estimated to 4 % of the installed wind capacity.
Generally, wind variations on shorter timescales will smooth out the bigger the area.
Hour by hour wind generation may be predicted. Forecast tools are being developed within
Norway and internationally. Forecast accuracy depends largely on NWP model performance, but
also on area of concern and forecast period. Accuracy is greatly improved for short forecast
periods and for considering aggregated wind power production within a large area.
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4

GRID CONNECTION OF WIND FARMS

4.1

Grid codes

Grid codes basically contain the rules for connecting generators to the grid. They are typically
developed by the Transmission System Operator (TSO) to facilitate rules fitted to system needs;
hence they may vary in items covered, level of detail and requirements to generator technology.
Detailed requirements to wind power technology is a fairly new addition to grid codes, reflecting
that wind farms until the end of the nineties generally were fairly small and had little impact on
the system operation. The large wind farms being built and operated today may however have a
significant impact, thus it is rational to include requirements to these in grid codes.
Statnett (the Norwegian TSO) has recently included requirements to wind farms in their grid code
[12]. The requirements are for wind farms > 10 MVA connected to the regional or main
transmission grid. This code is strictly a guideline that gives recommendations, though Statnett
has the right and obligation to assess new installations and based on this decide whether the
installation can be permitted to operate or not. Statnett’s recommendations to wind farms include
the following aspects:
- Operation at varying grid frequency (normal 49.0-50.5 Hz, limited 47.0-51 Hz)
- Operation at varying grid voltage (normal +/- 10 %, cosϕ = +/- 0.91 ref wind farm point of grid
connection)
- Active power control (remote control of maximum production, system for ramp-rate limitation
and participation in frequency control)
- Reactive power control (system to operate at two modes: a) set-point cosϕ, b) active voltage
control with droop)
- Operation in case of grid faults or abnormal grid voltages (fault ride-through for voltages down
to 0.15 pu at the grid connection point of the wind farm)
- Verification of characteristic properties (analyze impact on system using simulation model and
make numerical wind farm model available for Statnett for simulation using PSS/E or similar)
Statnett highlights the importance of dialogue in the planning process of wind farms, and through
this achieve at fitted technical requirements for new installations. It is also so that grid codes for
wind farms are a rather new thing, hence it must be expected that these will be adjusted over time.
It is important to distinguish grid code requirements and system operation, e.g. although grid
codes states that wind farms shall be able to operate at a limited power output, this is not the same
as saying that the wind farm shall actually operate in this mode. Limitation of wind farm power
output to facilitate an active power reserve will mean loss of energy, and probably active power
reserves can be obtained at less cost from other generation. The ability of wind farms to limit their
active power output according to a remote set-point value can still be useful, e.g. in case of
temporary grid congestions.
Reactive power control of wind farms has traditionally been limited to keeping cosϕ to unity, or
to allowing a small reactive consumption, but was generally not used for active voltage control.
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The addition of recommending active voltage control as an alternative mode of operation seems
rational, i.e. wind farms can then assist in maintaining a stable grid voltage in the same manner as
other conventional generation and allow for connecting more wind power to the grid.
Until a few years back the rule was that wind farms should disconnect in case of grid
disturbances, e.g. voltage dips. The idea was to protect the wind turbines as low voltage could
cause over-speed and mechanical failures, but also that tripping of some small generation would
anyhow not have any significant impact on system stability. The development of large wind farms
changed this as tripping of such can possibly lead to local deficit of generation, line overloading
and system instability. It is worthwhile to notice that implicit in this new way of thinking is also a
recognition of wind farms as a source of firm power, i.e. the system is operated relying on the
wind power generation.
Low-voltage fault ride-through capabilities of wind farms can be achieved in a variety of ways.
The challenge is basically that as the voltage drops the current output must increase or else the
turbines will accelerate to over-speed. Blade pitching can be activated to limit the aerodynamic
power, and by this current and acceleration, but not immediately. Hence, the lower the voltage the
wind farm shall be able to ride-through, the bigger the challenge.
Numerical wind farm models suitable for use with power system simulation tools like PSS/E are
essential for assessing the impact on system stability. Such tools are however currently not a
standard feature of commercial available power system simulation tools, but are being developed
by research institutes, universities and commercial entities. The modelling is not trivial and model
accuracy is critical. International cooperation within IEA Wind R&D Annex 21 has aided the
development, [14], but also highlighted the importance of validating models against
measurements. To this, work is now ongoing to update IEC 61400-21 [15]6 to include
specifications of a standardized test for measuring the wind turbine response on a voltage dip.
Hence, in the future, wind turbine manufacturers may refer to standard test certificates for
demonstrating performance under voltage dips, and also these same test certificates may be used
for validating dynamic models of wind farms for power system studies.
Comparison of national grid codes shows that these may vary from country to country, e.g. [13],
though it is not always easy to establish the rational for differences. Statnett’s recommendations
seem generally a bit tougher, especially on reactive power capabilities (cosϕ = +/- 0.91 ref wind
farm point of grid connection) and low-voltage fault ride-through (voltage 0.15 pu). Modern wind
farms can be adapted to such performance, though it comes at a cost, hence requirements should
be based on careful assessment of need. It may therefore be relevant to revisit these issues of
Statnett’s grid code.

6

A first committee draft of IEC 61400-21, ed. 2, is circulated for comments March 2006.
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4.2

Grid connection of wind farms

As with any large power plant, development of large wind farms may require reinforcement of the
power transmission system. Such grid reinforcement may be economic in any case, i.e. paid back
by reducing losses, but often it is suggested as a necessity to ensure system stability. System
stability is commonly assessed by considering the implications of various faults and combinations
of system load and generation. In such analyses, a conservative approach assumes that the wind
farms are uncontrollable and consequently the grid must be reinforced to maintain stable
operation, even under the most unfavourable combination of wind farm and system operation.
This approach may lead to suggestions for quite dramatic grid reinforcements that may prevent
otherwise economic wind farms or seriously limit the permitted wind farm size. Indeed, such a
conservative approach may have been quite reasonable, since most wind farms installed to now
have been not very large and have operated with little regard for system requirements. However,
today wind farms are becoming a significant part of power systems, so a new approach is
necessary to ensure cost effective grid integration of wind farms. This section7 considers this
challenge, demonstrating, through a case study, that modern wind turbine technology and
application of suitable control schemes facilitate viable operation of large wind farms in weak
grids.
4.2.1

Case study specification

The case study considers the connection in Norway of a large 200 MW wind farm to a typical
regional distribution grid, see Figure 18. The study is based on an actual system, though slightly
modified to serve the purpose of this presentation. The regional distribution grid is connected to
the main transmission grid via a long 132 kV line with a thermal power capacity limit of about
200 MW. Considering that the hydropower plant is rated 150 MW and that the local load may be
as small as 14 MW, a conservative approach would suggest that the wind farm capacity should
not exceed 64 MW (i.e. 200 – 150 +14), or indeed 50 MW (i.e. 200-150) to ensure operation if the
local load disconnects. However, contrary to such conservative planning, this case study will
demonstrate that installation of a much larger wind farm is viable.

7

The content of this section is based on a previous publication [16] and [17], though revised and edited to fit this
report.
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Wind power plant
300 kV
national grid

23 km
132 kV regional grid
Thermal capacity: 200 MW

SVC

36 km

58 km

Hydro power plant
150 MW w reservoir

Local load:
14 - 38 MW

AGC
Figure 18: Outline of case study regional grid.
Due to environmental constraints, it is not an option in this instance to upgrade the 132 kV line for
higher thermal power capacity. Hence, power electronics and control systems are applied to allow
connection of the large wind farm.
Ref [18] shows that as long as the thermal capacity of the 132 kV line is respected, voltage control
and stability is ensured by application of a Static Var Compensator (SVC) and/or utilization of the
reactive control capabilities of modern wind turbines with frequency converters. As illustrated in
Figure 19, sufficient reactive support enables a stable voltage for feed-in of 0 to 200 MW of wind
power. Without that support, the wind farm size would have to be restricted to about 50 MW.

Line voltage (kV)

140
120
100

With SVC
(185 Mvar)

80
60

Without SVC

40
20

0
50 100 150 200 250
Wind farm output power (MW)

Figure 19: Result of dynamic simulations of power system with 0-200 MW of wind power
[18].
Ref [19] demonstrates that Automatic Generation Control (AGC) of hydropower plant can be
used to avoid overloading the 132 kV line. This is illustrated in Figure 20, showing a result of a
dynamic simulation verifying the performance of the AGC.

12X423.01

TR A6337

Active power (MW)

25

220
200
180 Transmission line
160
140
Wind farm
120
100 Hydropower
80
60 0 100 200 300 400 500 600

Time (s)
Figure 20: Result of dynamic simulation of power system with 200 MW wind farm and AGC
control of hydropower plant [19].

A key question not answered in [18] or [19], but analyzed in this section, is to what degree the
grid congestion may influence the annual output and energy sales from the hydro and wind power
plants.
4.2.2

Simulation model

The regional power system operation during one year is simulated on an hour-by-hour basis. The
model inputs include:
Time series with consumer load, market price of electricity, inflow to hydro reservoir and wind
speed (specified in [16] and [17]).
Specification of the regional power system components, e.g. wind farm power curve, maximum
storage capacity of reservoir (460 GWh), rated power of hydropower plant (150 MW) and thermal
limit of 132 kV transmission line (200 MW).
The regional power system studied is assumed part of a much larger power system, so that the
regional production will not significantly affect the assumed market price of electricity.
The hydropower plant is controlled to maximise the annual energy sales. With no grid congestion,
an optimum hydropower production schedule is followed, where the annual output matches the
annual inflow, and the hour-by-hour output follows the market price variations. Probably, this
could not be achieved in practice, because a real-life schedule would have to rely on uncertain
estimates of inflow and sales price. However, the optimum schedule is an acceptable basis to
quantify the relative impact of grid congestion and the AGC operation.
The AGC operates to avoid line overloading. It may be set to control either (a) first the
hydropower and secondly the wind power, or (b) the wind power only. With choice (a) “control
hydro”, reduced hydropower output is followed by an increase of production as soon as possible,
i.e. to obtain, as closely as possible, the non-congested annual energy sales. With only wind power
control, (b) “control wind”, wind power is reduced intentionally to avoid line overloading and the
hydro plant operates according to the optimum schedule.
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Practical implementation of a scheme with wind power dissipation requires the wind farm(s) to be
able to handle a ‘maximum output power set-point’ signal from the AGC controller. The
maximum output power from wind farms with fixed speed, stall controlled wind turbines can be
limited in steps by start/stop of individual wind turbines, whereas wind farms with pitchcontrolled wind turbines (fixed or variable speed) may offer continuous limitation of the output
power. This latter option is assumed in the model, whereas start/stop control may result in
increased wind energy dissipation.
4.2.3

Simulation results - Operation with a 200 MW wind farm

In this case, the operation of the regional power system is simulated assuming 200 MW installed
wind farm capacity. Two cases of AGC operation are assessed:
“control hydro”, i.e. the hydropower plant is controlled first and the wind power second;
“control wind”, i.e. only the wind power is controlled
The results of the simulations are shown in Table 4 and Figure 21 to Figure 24. The ‘noncongested’ column of Table 1 is included for reference showing results from assuming unlimited
grid capacity.
Figure 21 shows the hydropower output. The hydropower output accords to the optimum schedule
for the “control wind” case, whereas the “control hydro” case leads to a modified operation of the
hydropower plant. Indeed, the operation of the hydropower plant may, in real life, be restricted by
various factors, e.g. environmental concerns that are not considered in this simulation. Hence, the
simulated operation in the “control hydro” scenario illustrates the concept, but should not be taken
to suggest that the large hydropower fluctuations can be generally accepted.
150

Hydropower (MW)

control hydro
control wind

100

50

0

1000 2000 3000 4000 5000 6000 7000 8000
Time (hour)

Figure 21: Simulated hydropower output assuming a 200 MW wind farm in the regional
grid.
Figure 22 shows the reservoir content. In the “control hydro” case, the reservoir content is a little
larger at the end of the year than at the start, i.e. as can be read from Table 4, the annual
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hydropower output has been limited to 98 % of its potential, due to the grid congestion.
Implementation of a control algorithm that would allow a more rapid increase of the hydropower
output after congestion could, in theory, provide for an annual hydropower output equal to that
scheduled. However, actual operational restrictions on the hydropower plant may require less
fluctuating production and so reduce the annual hydropower output to less than 98 %.
80

Reservoir content (%)

70
60
50
40
control hydro
control wind

30
20

1000 2000 3000 4000 5000 6000 7000 8000
Time (hour)

Figure 22: Simulated hydropower reservoir assuming a 200 MW wind farm in the regional
grid.
Figure 23 shows the cumulative line load distribution. With no wind power, the line load is
always, in practice, less than the 150 MW maximum capacity of the hydropower. With wind
power, the line load, in both control strategies, is limited to 200 MW, i.e. the assumed thermal
capacity limit of the line. The choice of control strategy changes the line load distribution,
because the “control wind” option provides for slightly less annual energy transfer than the
“control hydro” strategy, (see Table 4).
1

Pr(P l < x)

0.8

0.6

0.4
control hydro
control wind
no wind power

0.2

0
0
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100
150
Line load (MW)

200

250

Figure 23: Cumulative line load distribution over the year with and without a 200 MW wind
farm.
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Figure 24 shows the cumulative wind power distribution. The “control wind” option limits the
maximum output of the wind farm to 185 MW and the annual wind power output becomes 10 %
less than the potential (see Table 4). In contrast, the “control hydro” option does not cause any
reduction of the annual wind power output.
1

Pr(P w < x)

0.8

0.6

0.4

control hydro
control wind
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100
150
Wind power (MW)

200

Figure 24: Cumulative output power distribution over the year of a 200 MW wind farm.

Table 4: Case study results with 200 MW wind farm. All numbers are in GWh/year.
Control hydro
Control wind
Non-congested
Wind power
609
551
609
Hydropower
646
657
657
Local load
219
219
219
Line load
1036
989
1047

4.2.4

Simulation results - Operation with 0-400 MW wind farm

This sub-section summarise simulation results of assuming the wind farm capacity to vary from 0
to 400 MW.
Figure 25 shows the annual energy output and sales, in percent of the potential non-congested
values. It is remarkable to notice that both AGC control schemes (control wind and control hydro)
provide insignificant losses of potential energy output and sales income for wind farm sizes up to
150 MW. The reason for this is simply that hour by hour wind and hydro generation are basically
uncorrelated, thus high wind production and high hydro production are seldom occurring at the
same time.
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Figure 25: Annual energy output and sales in percent of the potential non-congested values;
resulting from simulations assuming 0-400 MW wind power capacity.
4.3

Conclusion

The development of grid codes for wind farms as for other generation technologies is sound. It is
recognising that large wind farms are basically power plants and may participate in securing
effective and stable power system operation. The specific requirements must however be carefully
assessed and possibly adjusted over time aiming for overall least cost solutions.
Connection of a wind farm to a regional power system with a weak link to the main grid has been
assessed. Previous studies, [18] and [19], based on detailed power system dynamic simulations,
conclude that a wind farm with rated capacity up to 200 MW may be connected with the
following assumptions:
The wind farm must provide sufficient reactive control, i.e. by use of a SVC and/or the reactive
control capabilities of modern wind turbines with frequency converters
AGC must be applied to avoid overloading of the weak link between the regional power system
and the main transmission grid.
It has been studied to what degree AGC operation, to avoid line overload, may influence the
annual output and energy sales from hydro and wind power plants. The study shows that control
of both hydro and wind power generation are viable options. For wind farm sizes up to 150 MW
both control schemes studied in the example give only insignificant losses in either energy output
or sales. However, the results become sensitive to the control option for larger wind farms.
Control of the hydropower plant gives only a very small loss of potential energy, whereas the
alternative option of controlling the wind farm leads to more significant potential energy loss.
The simulations provide examples for strategic planning. More accurate analysis requires
collection of further data for more than a single year of operation, see [20].
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The main conclusion is that the maximum capacity of wind power that can be permitted on a grid
depends on the particular circumstances and on the control strategies followed. It is therefore
likely in the majority of situations that wind power capacity can be significantly greater than
given by simplistic addition of maximum generating power and subtraction of minimum load. For
the regional power system having a hydro component as assessed in this section, the maximum
wind farm size ranges from 50 MW, by simplistic criteria, to 200 MW, by control criteria. Indeed,
operation at grid congestion is not an ideal situation. Operation as illustrated by the case study
may however be a fair solution for allowing increase of generation in areas with limited
transmission capacity, i.e. instead of waiting for future grid upgrades.
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5

WIND POWER IMPACT ON POWER SYSTEM OPERATION

The power system is generally operated to facilitate least cost reliable continuous supply of
demand. Least cost operation implies that generation is allocated according to operating cost, and
reliable supply is achieved by maintaining adequate generation reserves. To illustrate the ground
rules, a small system a first considered:
- Assume a small power system with three 1 MW diesel generators. The load is varying between
0.9 and 1.7 MW, hence one of the generators is for back-up, whereas the other two can supply
the load. Minimized operating costs can be achieved by running only one generator in hours
with load less than 1 MW, but as the diesel operators do not have an accurate prediction of the
load, and are aiming for reliable supply, the two generators are kept in continuous operation.
The operating reserve in this system will thus vary between 0.3 and 1.1 MW.
- Assume now that a 0.5 MW wind turbine is connected to the system. This will reduce the load
to be supplied by the diesel generators and hence save fuel. The actual fuel saving will depend
on the wind generation, the diesel generator fuel characteristics and the operating strategy. A
conservative approach would be to keep the two diesel generators running even in periods with
high wind and low load. This would give fuel savings, and at the same time maintain or
increase the operating reserve in the system, i.e. it will vary between 0.3 and 1.6 MW.
- Additional fuel savings can be achieved if stopping one of the diesel generators in hours with
high wind and low load, though reliable operation will then depend on confident predictions of
the wind power production. This way good forecast of wind generation enables more efficient
use of reserves.
The above example demonstrates that adding wind power to the power system basically reduces
the operating costs and potentially increases system reliability. The impact of adding wind power
to a large power system is similar in principle, though a large system is generally more complex
and impact of wind power maybe not so straight forward to understand.
5.1

Wind power in the Nordic electricity market

The Nordic electricity market is a joint market between Norway, Sweden, Denmark and Finland.
Nord Pool organizes the trade of supply and demand, whereas the national Transmission System
Operators (TSOs) secure reliability and balance of supply with Nordel as the common Nordic
body facilitating cooperation.
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Figure 26: Nordic electricity market- major contractual relationships. Copy from [28].
Power contracts for day-ahead physical delivery are traded at the Nord Pool Elspot market. This is
by auction with bids for purchase and sale for each hour of the next day. All bids have to be
placed by noon, and after that Nord Pool sorts for each hour all sell and buy orders into one
demand curve and one supply curve, see Figure 27. The intersection of the two curves gives the
system price for the hour in question.
Generally orders for sale of generation reflect the marginal production cost, e.g. for wind close to
zero and for gas governed by fuel cost. Introducing wind generation will thus generally reduce the
system price (Nord Pool spot market price), whereas gas may end up being operated only as long
as the system price is higher than fuel costs. Based on results from [11], the average market price
will be reduced with about 5 øre/kWh if supply of wind generation is increased to cover 10 % of
the Nordic power system demand.
NOK/MWh

Demand (buy)

Supply (sale)

System price
MWh
Volume
Figure 27: Spot market demand and supply curve.
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The consumption and generation situation may obviously change after the clearing of the Elspot
market and lead to real time imbalance. It may therefore be relevant to adjust consumption and
generation plans close to real time. In Finland, Sweden and Eastern Denmark this can be done
using the separate intra day market (Elbas) for trading hourly contracts until one hour before
delivery, whereas for others adjustment of plans are depending on TSO acceptance.
As wind forecast accuracy is greatly improved for shorter time ahead, system operation will
benefit from using the Elbas market or achieving general acceptance by the TSO to adjust
generation plans close to the operating hour.
Real time imbalance may still occur, e.g. load or wind may be miss-predicted, or generation may
fail. Generation frequency droop control will then automatically adjust generation (primary
reserve), whereas the TSOs will restore nominal frequency by requesting adjustment of generation
or controllable loads (secondary reserves). The price of the power regulation to counteract on the
imbalance is given by the Balancing Market, i.e. a “staircase” of merit order regulating power bids
received by the TSOs. Bids stating prices and volumes may be submitted until close to the
operational time, either as bids for upward regulation (increased generation or reduced
consumption) or as bids for downward regulation (decreased generation or increased
consumption). TSOs use the priority-ordered lists for each hour to balance the power system, as
needed. To resolve a power deficit, upward regulation is applied and the real-time market price
within the hour is set at the highest price of the units called upon from the priority list. Similarly,
in a grid power surplus situation, downward regulation is applied and the lowest price of the units
called upon from the list sets the real-time price, [27].
Wind generators can in principle participate in the Balance Market, but probably not at a
competitive price. Downward regulation of wind generation means dissipation of energy, and
functionality to offer upward regulation can only be achieved if constantly operating below
potential power, i.e. dissipating energy.
Wind impact on need for regulating power is treated in section 5.3.
The various markets and their timescales are shown in Figure 28.

Figure 28: The various markets and their timescales. Copy from [26].
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5.2

CO2 reductions due to wind energy

A comprehensive study on the impact of wind power on the operation of the Nordic power system
is reported in [11]. The work comprises publication [22] that summarizes main findings with
regards to CO2 reductions due to wind energy:
- Quoting [22] (part of [11]): “Simulations with the power market model EMPS and the energy
system model EFOM have been made to assess the effects of large-scale wind production on
the CO2 abatement in the Nordic countries. We are mostly focusing on the year 2010,
comparing the results with substantial wind power amounts to a base case scenario. The results
for the EMPS simulations with 16–46 TWh/a wind production in Nordic countries (4–12% of
electricity consumption), show that wind power replaces mostly coal-fired power generation.
As a result of all fuels replaced by wind production a CO2 reduction is achieved, of 700–620 g
CO2/kWh. The results for the simulations of Finnish energy system show similarly that new
wind power capacity replaces mainly coal-fired generation. In another scenario it has been
assumed that the use of coal-fired generation is prohibited in order to meet the Finnish Kyoto
target. In this case new wind power capacity would replace mainly natural gas combined-cycle
capacity in separate electricity production and the average CO2 reduction would be about 300 g
CO2/kWh. This case reflects the situation in the future, when there is possibly no more coal to
be replaced.”
The findings on CO2 reductions due to wind energy confirm what can be intuitively understood.
Adding any new supply of energy to the power market will generally replace generation from
plants with the highest operational costs. This holds for wind as for any other source of energy,
and which generation replaced that is being replaced is simply a matter of which that has the
highest operational costs. This was coal at the time the analysis in [22] was prepared and assumed
to be so also in 2010. Now, the price of gas has increased significantly, and has in spite of CO2 tax
become more expensive than coal. Considering that European policy is to reduce CO2 emissions,
new incentives may however be put in place as again making polluting coal fired power plants the
most expensive option.
5.3

Wind power impact on reserve requirements

As part of [11] the increased reserve requirement due to integrating wind in the Nordic power
system is determined by simulation based on a 3-year time series, combining the wind power
variations with varying electricity consumption. It was found that wind power, combined with the
varying load, is not imposing major extra variations on the system until a substantial penetration is
reached. The increased reserve requirement is seen on a 15 minutes to one hour time scale. The
work comprises publication [22] that summarizes main findings with regards to wind power
impact on reserve requirements:
- Quoting [23] (part of [11]): “The variations of wind power production will increase the
flexibility needed in the system when significant amounts of load are covered by wind power.
When studying the incremental effects that varying wind power production imposes on the
power system, it is important to study the system as a whole: only the net imbalances have to
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be balanced by the system. Large geographical spreading of wind power will reduce
variability, increase predictability and decrease the occasions with near zero or peak output.
The goal of this work was to estimate the increase in hourly load-following reserve
requirements based on real wind power production and synchronous hourly load data in the
four Nordic countries. The result is an increasing effect on reserve requirements with
increasing wind power penetration. At a 10% penetration level (wind power production of
gross demand) this is estimated as 1.5%-4% of installed wind capacity, taking into account that
load variations are more predictable than wind power variations.”
A first thing to note is that the study considers the effect of large scale integration of wind power,
i.e. to cover 10 % of the gross demand. The next is that the impact on load-following reserve
requirement is still very small, i.e. 1.5-4 % of installed wind power capacity or more specifically,
for Denmark the 2000 MW of wind power would increase the load following requirement by 30–
40 MW, for Finland the 4000 MW by 120–160 MW and for the Nordic countries as a whole, the
19,000 MW of wind power would increase the load following requirement by 240–320 MW.
The term “load-following reserve” is here understood as part of the Fast Contingency Reserve
(FCR) of Nordel. A brief account of the active power reserve requirements within Nordel is given
below and summarized in Table 5; [21] gives more elaborate coverage:
- Frequency Activated Operating Reserve (FAOR) and Frequency Activated Contingency
Reserve (FACR) are primary reserve that are automatically activated in case of frequency
deviations, i.e. commonly achieved by droop control of generators operated the requested
reserve below rated power. Basically, FAOR=600 MW is for matching the continuous load
variations within each hour and FACR=1000 MW is for the case of contingencies. The FAOR
shall be fully activated in case the frequency drops to 49.9 Hz, and the FACR in case the
frequency drops to 49.5 Hz (all within 30 s).
- The Fast Contingency Reserve (FCR) is a secondary reserve that is for restoring FAOR and
FACR after a contingency. The FCR shall be available within 15 minutes, and the basic idea is
that the FCR shall be available within the country responsible for the imbalance.
- The Slow Contingency Reserve (SCR), or tertiary reserve, comprises capacity available after
15 minutes. If necessary, these are activated to re-establish fast reserves that are “spent” after a
contingency.
Table 5 Summary of current active power reserve requirements in Nordel [21].
East Denmark
West Denmark
Finland
Norway
Sweden
TOTAL

Consumption
2003 (TWh)
14
85
115
145
358

FAOR
(MW)
24
141
192
243
600

FACR
(MW)
90
75
205
313
303
1 000

FCR (approx.)
(MW)
600
620
1 000
1 600
1 200
5 020

SCR
(MW)
No specific MW
requirement
given

In [11] the effect of wind power on additional Frequency Activated Operating Reserve (FAOR)
and Frequency Activated Contingency Reserve (FACR) is also considered. The conclusion is that
the impact will basically be insignificant. Fast fluctuations (second/minute) from geographically
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dispersed wind turbines / wind farms will be uncorrelated with each other, hence smoothing the
sum power and not imposing any significant requirement for additional FAOR. The FACR
requirement is given by the dimensioning fault (~1200 MW, e.g. a nuclear power plant in Sweden
or the largest hydro power plant in Norway) minus self-regulation of load (200 MW), hence as
long as the largest amount of wind power that can disconnect at one instance is less than about
1000 MW, wind power will have no impact on FACR requirement.
Indeed, the study ([23], [11]) does not conclude that new investments must be made to facilitate
the calculated extra FCR requirement. There are significant possibilities to reduce reserve
requirements and reserve costs in the Nordel system. This is studied in [21] that concludes
(amongst others) that “The total amount of Fast Contingency Reserve (FCR) can be reduced by
removing any requirement of national balance and operating the Nordel system by frequency and
congestion handling alone.” and that “Loads can in many cases provide much more cost-effective
services than generating units. Through a combination of new technology, market design and
incentives consumption can contribute to nearly all reserve requirements.” If however it is still
assumed that new reserve capacity must be bought, [23] estimates that the increased reserve cost
is of the order of 0,8 øre/kWh wind at a 10% penetration level and 1,6 øre/kWh wind at 20%
penetration of wind power. If investment is not required, it is estimated in [23] that the cost of
added regulation will be about half of the aforementioned figures.
The calculated additional “load-following reserve” (part of FCR) due to wind power in [11]
includes accounts for Finland, Denmark and Nordel as whole, but no separate figures for Sweden
or Norway. A study on this has however recently been prepared for Sweden, [24], and it would be
relevant to do the same also for Norway, and then possibly also taking account for transmission
bottlenecks that may influence reserve requirements.
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5.4

Real life case of balance handling

This case considers actual operational data from the Nordic power system (see Table 6). At 8
January 2005 the hurricane “Gudrun” crossed over southern Scandinavia initially causing high
wind power production in Western Denmark. At a certain time however the wind turbines started
to cut-out due to excessive wind speeds and the wind power production was reduced from
2200 MW to 100 MW during the afternoon hours. The loss of wind power production amounted
to more than half of the consumer loads in Western Denmark.
Table 6: Data for western Denmark and map with indication of normal interconnection
capacities.
Data for DK1, west Denmark 2003
MW
Central power plants
3,516
Decentralised CHP units
1,567
Decentralised wind turbines
2,374
Offshore wind farm Horns Rev A
160
Maximum load
3,780
Minimum load
1,246

It is interesting to note that even if this storm was an extreme event, it did not cause all the wind
power production to cut-out at the same instant (see Figure 29). It actually took ten hours to go
from maximum wind production (2200 MW) to minimum production (100 MW), whereas the
steepest drop was about 600 MW in one hour (corresponding to 24 % of the installed wind power
capacity). The reason for this fairly smooth reduction is the geographical distribution of the wind
turbines so that changes in the weather conditions will not affect all of them simultaneously.
Figure 29 also shows how this situation was handled in operation. The loss of generation was
compensated through the balancing power market (mostly activated in Southern Norway) and by
regulating the HVDC link between Norway and Denmark from full export to full import. The
example illustrate clearly that the Nordic power system can handle large amounts of wind power
through the existing marked based mechanisms.
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Figure 29: Wind and system operation during the hurricane "Gudrun" passing over
Denmark 8 January 2005. Actual hour-by-hour data of wind power in Western Denmark
(DK1), balancing power in Southern Norway (NO1) and power exchange over the HVDC
line between Southern Norway and Western Denmark.
The percentage drop in wind generation would be less if a larger area than western Denmark had
been considered8, i.e. due to spatial correlation effects. It is also so that a storm takes time to
develop and therefore it is fairly easy to predict if wind generation is likely to cut-out due to high
wind speed (exceeding cut-out wind), and modern wind farms may even facilitate smooth down
regulation of power instead of going directly to stop as the case is for the (older) wind generation
installed in western Denmark.
5.5

Conclusion

Wind generation in the Nordic electricity market will generally reduce system price and CO2
emissions. The reduction in system price will depend on the amount of wind in the system, i.e. the
higher the wind generation the lower the system price. Reduction in CO2 emissions due to wind
will be 700–620 g CO2 per kWh wind generation for the case of replacing coal, and about 300 g
CO2 per kWh wind for replacing natural gas. The case of coal or natural gas generation being
replaced by wind is simply a matter of which that has the highest operational costs. With current
fuel prices and CO2 tax this is gas, but considering that European policy is to reduce CO2
emissions, new incentives may facilitate polluting coal generation to become more expensive.

8

Denmark total land area is 42 394 km2, western Denmark is about ¾ of this. Norway total land area is 307 860 km2,
Finnmark alone is 48 000 km2.

12X423.01

TR A6337

39

As day-ahead generation plans for wind generation may be inaccurate, system operation will
benefit from receiving adjusted plans closer to the operating hour. The Elbas market of Finland,
Sweden and Eastern Denmark facilitates this. Norwegian participation in this market should be
investigated, possibly also development of Elspot and Elbas into one combined market allowing
updated plans close to the operating hour. This is recommended not only for the case of
integrating wind, but for generally improving system operation and reducing the need for
acquiring balancing power.
Wind generators can in principle participate in the Balance Market, but probably not at a
competitive price. Downward regulation of wind generation means dissipation of energy, and
functionality to offer upward regulation can only be achieved if constantly operating below
potential power, i.e. dissipating energy.
Wind generation impact on need for balancing power has in [11] and [23] been studied in detail
for the Nordic system. It is concluded that the required extra balancing is very small, i.e. even for
a future situation with wind supplying 10 % of demand the extra balancing amount to only 1.5-4
% of the installed wind power capacity. More specifically, extra balancing is 240–320 MW for
assuming 19 000 MW of installed wind capacity in the Nordic countries. Assuming that this
requires investment in new reserve capacity, the extra balancing cost 0,8 øre per kWh wind, and
about half if investment in new reserve capacity is not needed. In [11] and [23] no account is
made specifically for wind in Norway, thus it may be relevant to study this and then possibly also
taking account for transmission bottlenecks that may influence reserve requirements.
Recordings of operational data indicate that the Nordic power system can well handle large
amounts of wind power even during extreme weather conditions. The event of the hurricane
“Gudrun” 8 January 2005 caused first all wind generation in western Denmark to operate close to
rated, but then started to cut-out due to excessive wind speed. It took ten hours to go from
maximum wind production (2200 MW) to minimum production (100 MW), whereas the steepest
drop was about 600 MW in one hour (corresponding to 24 % of the installed wind power
capacity). The drop in wind generation was however excellently compensated through the
balancing power market (mostly activated in Southern Norway) and by regulating the HVDC link
between Norway and Denmark from full export to full import. The example illustrate clearly that
the Nordic power system can handle large amounts of wind power through the existing marked
based mechanisms.
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6

WIND POWER IMPACT ON SYSTEM ADEQUACY

System adequacy relates to the ability of the power system to meet the load demand. In this
section wind power impact on system adequacy is addressed considering a) the system’s ability to
supply the annual load and b) the system’s ability to meet the peak demand.
6.1

Annual energy supply

Historical data of the Norwegian hydro supply system show that the annual generation capability
may vary +/- 30 %, i.e. in a normal year the annual hydro inflow is about 120 TWh, whereas a dry
year may facilitate about 84 TWh and a wet year about 156 TWh. Thus, considering that the
annual load is about 120 TWh, the system adequacy with regards to annual energy supply is
presently depending on cross-border transmission capacity for energy import and export. Adding
wind will help on the situation just as adding any other source of generation, i.e. by virtue of
supply diversity. Indeed, wind generation may also vary from year to year, but less than hydro and
generally not in phase with hydro inflow, see section 3.1, Figure 9 and Figure 10. Hence,
combining wind and hydro provides for a more stable annual energy supply than hydro alone.
6.2

Peak power demand

The system ability to meet the peak demand is basically a matter of available generation and
transmission capacity. A rational measure on this is the loss of load probability (LOLP), i.e. the
probability of the system meeting the peak demand. This can be calculated taking account for the
installed generation and transmission capacity and the probability of these being in operation or
having failed. Wind generation can be included in such calculations taking account for wind
variations. International studies taking this approach show that wind generation contribute to
reducing the LOLP level. Intuitively this can be understood as no generation or transmission is
100 % reliable – all have some probability of failing. Hence, even if wind generation may not be
available at all times, this is also the case with all other system assets, and as such wind
contributes to reducing the LOLP level in principle just as other generation.
The “capacity credit” is a useful measure for comparing the impact of adding wind with adding
other types of generation, say gas or hydro. The capacity credit can be defined for any type of
generation as the amount of 100 % reliable generation required for replacing the generation
without changing the loss of load probability. Applying this definition, the capacity credit of a
1000 MW thermal power plant is about 950 MW, [24], and for wind, at low to moderate
penetration levels, the capacity credit is equal to the average wind power produced during times of
peak demand (typically 35% of installed wind power capacity, depending on the site conditions).
At higher wind power penetration levels, wind’s relative capacity credit becomes lower than the
average wind power output in times of peak demand, [7].
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6.3

Conclusion

Wind generation will have a positive effect on system adequacy, both in terms of annual energy
supply and meeting peak demand. The impact have however not been studied in any detail for
Norwegian conditions, but should be. It is relevant to study the impact both on national and
regional level (e.g. mid-Norway).
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SUMMARY AND CONCLUSION
The wind power technology has gone through a remarkable development. Some twenty years ago
the common wind turbine was about 50 kW, whereas today multi-MW wind turbines are put up in
big wind farms constituting power plant characteristics. Modern wind farms may control the
reactive power or voltage as any other power plant, and may also control active power or
frequency as long as wind conditions permits.
Total wind industry turnover in 2005 was about NOK 100 billion. Vestas (DK), Enercon (DE),
Gamesa (ES), GE (USA) and Siemens (DE) are the top five in market share. Norwegian industries
are mainly sub-suppliers (export in 2004 was about NOK 400 million), whereas ScanWind design
and manufacture large wind turbines (+ 3 MW).
The available wind resource in Norway is for any practical purpose unlimited, thus development
is basically a question about economic feasibility and willingness to prioritize. Given the great
wind potential of Norway, both for generation and for industrial development, 20 TWh is a
realistic goal for 2020 assuming wind farms on-land and offshore. This requires about 6500 MW
of installed wind power capacity that can be realized within areas totalling some few hundred
square km. Cost of generation is 25-35 øre/kWh for on-land sites, whereas offshore wind may be
more expensive. Considering that volume of market and technology development will continue
bringing down cost of new wind generation, it is likely that at good Norwegian sites wind will be
the cheapest option for new non-polluting generation.
The annual wind generation may vary from year to year. Based on 30 years of recorded wind
speed data it is found that in Norway the annual wind generation may vary +/- 20 %. In
comparison the annual hydro inflow may vary +/-30 %, hence combining wind and hydro
provides for a more stable annual energy supply than hydro alone. It is also so that the wind
generation will generally be higher in the winter period than in the summer. This seasonal wind
variation fits well with the electricity consumption in Norway, and is opposite to the hydro inflow,
i.e. being beneficial for system operation.
Variations in wind generation on shorter timescales will generally smooth out the bigger the area.
A preliminary analysis on this assuming large scale wind distributed along the Norwegian coastline indicates very modest sum hourly variations, i.e. a standard deviation of 4 % of the installed
wind capacity. Indeed, hour by hour wind generation may be predicted and forecast tools are
being developed within Norway and internationally. The forecast accuracy depends largely on the
performance of the applied Numerical Weather Predictor model, but also on the geographical area
of concern and forecast period. Accuracy is greatly improved for short forecast periods and for
considering sum wind power production within a large area.
In total wind generation will have a positive effect on system adequacy, both in terms of annual
energy supply and meeting peak demand. The impact have however not been studied in any detail
for Norwegian conditions, but should be. It is relevant to study the impact both on national and
regional level (e.g. mid-Norway).
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The development of grid codes for wind farms as for other generation technologies is sound. It is
recognising that large wind farms are basically power plants and may participate in securing
efficient and stable power system operation. The specific requirements must however be carefully
assessed and possibly adjusted over time aiming for overall least cost solutions.
A large portion of the planned wind farms in Norway are located in areas with limited power
transfer capacity, and conservative assumptions may lead to unnecessary strict limitations on the
possible wind installation. By coordinated power system operation, however, a large increase in
installed wind power is viable, e.g. for the example case in this report the maximum wind farm
size ranges from 50 MW, by simplistic criteria, to 200 MW, by control criteria. In general, for
planning grid connection of wind farms, it is essential to take account for the power system
flexibility and the stochastic and dispersed nature of wind power. Indeed, operation at grid
congestion is not an ideal situation. Operation as illustrated by the case study may however be a
fair solution for allowing increase of generation in areas with limited transmission capacity, i.e.
instead of waiting for future grid upgrades.
Adding wind generation will (just as adding any other generation with low operating cost) reduce
the average Nord Pool spot market price. The actual reduction will depend on the amount of wind
in the system, i.e. the higher the wind generation the lower the price. Indicatively, increasing the
wind generation to cover 10 % of the Nordic power system demand will result in a market price
reduction of about 5 øre/kWh.
Reduction in CO2 emissions due to wind will be 700–620 g CO2 per kWh wind generation for the
case of replacing coal, and about 300 g CO2 per kWh wind for replacing natural gas. The case of
coal or natural gas generation being replaced by wind is simply a matter of which technology that
has the highest operational costs. With current fuel prices and CO2 tax this is natural gas, but
considering that European policy is to reduce CO2 emissions, new incentives may facilitate
polluting coal generation to become more expensive.
As day-ahead generation plans for wind generation may be inaccurate, system operation will
benefit from receiving adjusted plans closer to the operating hour. The Elbas market of Finland,
Sweden and Eastern Denmark facilitates this. Norwegian participation in this market should be
investigated, possibly also development of Elspot and Elbas into one combined market allowing
updated plans close to the operating hour. This is recommended not only for the case of
integrating wind, but for generally improving system operation and reducing the need for
acquiring balancing power.
Wind generators can in principle participate in the Balance Market, but probably not at a
competitive price. Downward regulation of wind generation means dissipation of energy, and
functionality to offer upward regulation can only be achieved if constantly operating below
potential power, i.e. dissipating energy.
Wind generation impact on need for balancing power is very small, i.e. even for a future situation
with wind supplying 10 % of demand in the Nordic power system the extra balancing amount to
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only 1.5-4 % of the installed wind power capacity. Assuming that this requires investment in new
reserve capacity, the extra balancing cost 0,8 øre per kWh wind, and about half if investment in
new reserve capacity is not needed. No account is made specifically for wind in Norway, thus it
may be relevant to study this and then possibly also taking account for transmission bottlenecks
that may influence reserve requirements.
Recordings of operational data indicate that the Nordic power system can well handle large
amounts of wind power even during extreme weather conditions. The event of the hurricane
“Gudrun” 8 January 2005 caused first all wind generation in western Denmark to operate close to
rated, but then started to cut-out due to excessive wind speed. It took ten hours to go from
maximum wind production (2200 MW) to minimum production (100 MW), whereas the steepest
drop was about 600 MW in one hour (corresponding to 24 % of the installed wind power
capacity). The drop in wind generation was however excellently compensated through the
balancing power market (mostly activated in Southern Norway) and by regulating the HVDC link
between Norway and Denmark from full export to full import. The example illustrate clearly that
the Nordic power system can handle large amounts of wind power through the existing marked
based mechanisms.
In summary this report demonstrates options for large scale integration of wind power in Norway.
Local control enables operation of a large wind farm on a fairly weak regional grid, and marked
based balancing tackles large magnitudes of wind power. A future with high penetration of wind
power seems thus viable, though the operational challenges with respect to operating reserves,
frequency control and transmission capacity are expected to become increasingly important. The
hourly wind power variations may be significant within local areas, but uncorrelated between
distant sites. Hence, sufficient transmission capacity may be a key for efficient operation of a
future Norwegian and indeed a European power system with a large share of wind power.
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